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The structures of Bacillus intermedius ribonuclease (binase), an extracellular 109-residue enzyme, and its complexes with 3 H GMP and sulfate ions were solved at 1.65 and 2.0 A Ê , respectively. The structures were re®ned using REFMAC. The crystal of free binase belongs to the space group C2, whereas the crystals of complexes belong to the space group P2 1 2 1 2 1 . In both crystal lattices the asymmetric unit contains two molecules which form an identical dimer. The structure of the dimer is such that only one of its subunits can bind the nucleotide in the 3 H GMP±binase complex, where the guanyl base is located in the recognition loop of the enzyme. In both binase complex structures the phosphate group of 3 H GMP or one of the sulfate ions make an electrostatic interaction with the binase molecule at the catalytic site. A second phosphatebinding site was found in the structures of the complexes at the cleft formed by the loop 34±39, the main chain of Arg82 and the side chain of Trp34. Comparison of the complex and unliganded enzyme crystal structures shows that there are some small but distinct differences in the speci®city loop (56±62) and in the loops 34±39 and 99±104 associated with the binding of the nucleotide and sulfate ions.
Introduction
Extracellular ribonuclease from Bacillus intermedius (RNase Bi; binase; EC 3.1.27.3) is a single-chain polypeptide consisting of 109 amino-acid residues with a molecular mass of 12.3 kDa. Binase belongs to a family of highly processive microbial ribonucleases (Hartley, 1980; Hill et al., 1983) . The binase molecule contains no cysteines or cystines and no cofactors or associated metal ions. It cleaves single-stranded ribonucleic acids (RNA) after purines, producing mono-and oligoribonucleotides with the phosphate left at the 3 H -hydroxyl group of the terminal ribose. This is a two-step reaction. The ®rst step (transesteri®cation) gives rise to RNA-chain cleavage and formation of 2 H :3 H -cyclophosphate; the second step results in hydrolysis of the cyclophosphate by an activated water molecule (Okorokov et al., 1997) .
The structures of several guanyl-speci®c ribonucleases and their complexes with guanosine 3 H -monophosphate (3 H GMP), the product of the reaction, have been determined to high resolution (Baudet & Janin, 1991; Sevcik et al., 1991 Sevcik et al., , 1993 Martinez-Oyanedel et al., 1991; Zegers et al., 1994; Buckle & Fersht, 1994; Martin et al., 1999) . The guanine-speci®city of microbial RNases was shown to originate from oriented interactions between a nucleotide base and recognition site of protein (Sevcik et al., 1990) . The fungal (T1-like) ribonucleases recognize the guanyl base with high ef®ciency in RNA substrates of any length (Takahashi & Moor, 1982) . The bacillus ribonucleases such as binase or barnase (RNase Ba), which exhibit 85% amino-acid sequence homology (Hill et al., 1983) , only have high guanyl speci®city towards cyclophosphates or short RNA fragments (less than four nucleotides).
The hydrolysis rate of oligonucleotides (Xp 0 Gp 1 Xp 2 Xp 3 or shorter) by the RNase barnase strongly depends on the presence of the P2 phosphate group (Day et al., 1992) . This phosphate group was observed to be bound by the protein molecule at the side chain of Arg82 in the crystal structure of the barnase complex with d(Cp 0 Gp 1 Ap 2 C) (Buckle & Fersht, 1994) . The presence of the second phosphate-binding site appears to be a reason for the signi®cant decrease of guanyl speci®city in bacterial RNases, e.g. barnase or binase, compared with T1-like RNases.
In this paper, we report the crystal structure of unliganded (free) binase solved and re®ned at 1.65 A Ê resolution using BLANC (Vagin et al., 1998) and REFMAC (Murshudov et al., 1997) . With this structure, we analyse the in¯uence of substrate and ion binding on the enzyme's local mobility and conformation by comparing it with structures of 3 H GMP and sulfate-ion complexes. The structures of these two complexes were previously solved at 2.0 A Ê resolution Pavlovsky & Karpeisky, 1989) and have been re®ned further using REFMAC.
Methods

Crystallization and data collection
The crystals of wild-type binase complexes with 3 H GMP and sulfate were obtained by co-crystallization using the vapour-diffusion technique. The crystals of sulfate complex were grown in 35 ml sitting drops containing 12±13 mg ml À1 protein, 12% PEG 12 000, 25 mM phosphate buffer pH 7.0 and 3% saturated ammonium sulfate. The reservoir contained 23±24% PEG 12 000 in 50 mM glycine buffer at pH 7.0. The crystallization conditions for the 3 H GMP complex were almost the same as those for the sulfate complex except that the saturated solution of the mononucleotide was added to the drops at a four-to ®vefold excess with respect to the protein. The crystals of both complexes belong to the space group P2 1 2 1 2 1 . In both cases the unit-cell parameters are a = 111.4, b = 69.6, c = 33.5 A Ê and the unit cell contains two protein molecules per asymmetric unit. Single-crystal diffraction data for the binase complexes were collected to 2.0 A Ê resolution at room temperature on a Syntex P2 1 diffractometer.
The recombinant binase was expressed and puri®ed as described previously (Shulga et al., 1994; Okorokov et al., 1994; Panov, 1994) . Two forms of recombinant binase were obtained, one correctly processed and the other with seven extra N-terminal residues (FTPVTKA) left from the phoA signal secretory peptide. Crystals of the recombinant binase with seven extra residues were obtained by vapour diffusion at room temperature from a 5 mg ml À1 solution of the enzyme buffered with 50 mM glycine and 2.5% sodium citrate pH 9.
The reservoir contained 20% PEG 10 000 in the same buffer. The crystals belong to space group C2, with unit-cell parameters a = 115.0, b = 33.3, c = 78.7 A Ê , = 119.1 , and contain two protein molecules in the asymmetric unit. Diffraction data to 1.65 A Ê resolution were collected from an unliganded binase crystal at room temperature using the synchrotron-radiation source at EMBL-Hamburg. Crystals of the correctly processed enzyme suitable for X-ray study could not be grown.
Structure determination and refinement
The structures of the complexes of binase with 3 H GMP and sulfate were initially solved and re®ned by Pavlovsky et al. (1983 Pavlovsky et al. ( , 1989 . Re®nement using REFMAC (Murshudov et al., 1997) revealed a second phosphate-binding site and allowed us to correct the solvent structure and some of the side-chain and main-chain atom positions. Here, we describe these revised crystal structures. The structure of unliganded binase was solved by molecular replacement using BLANC (Vagin et al., 1998) , with the starting model formed by two protein molecules constituting the asymmetric unit in the 3 H GMP complex structure. The structure was re®ned using REFMAC.
Data and re®nement statistics for the three structures are given in Table 1 . Electron-density maps covering the active site of molecule A are shown for the 3 H GMP complex and unliganded binase structures in Figs. 1(a) and 1(b) , respectively.
Results and discussion
3.1. Overall folding of the binase molecule and crystal packing Binase is an protein as displayed in Fig. 2 . It contains a central -sheet of ®ve antiparallel strands (residues 49±55, 70±75, 85±90, 95±98 and 106±109) and three -helices (residues 5±16, 26±32 and 41±44). The binase overall fold is generally identical to that of barnase, the RNase from B. amyloliquefaciens (Mauguen et al., 1982) . The main-chain fold and especially the central -sheet are identical in all six binase molecules in the three crystal structures under consideration.
In the binase crystals, the molecules are arranged as layers made up of closely packed dimers. The contacts within the layers are similar in the two crystal forms (see Fig. 3 ); however, those between the layers are very different. Analysis of the interatomic contacts suggests that the interactions between molecules A and B (highlighted in Fig. 3 ) are the strongest between neighbouring pairs of molecules. These two molecules have essentially identical contacts in the two different space groups and form the same dimer. The molecules in the dimer are packed without rotational symmetry, as can be seen in Fig. 3 . The dimer structure is stabilized by eight hydrogen bonds, including a possible salt bridge between the side chains of Glu43 and Arg58, and by hydrophobic interaction between the side chain of Phe81 (molecule A) and the side chains of Tyr102 and His101 (molecule B). These last two residues form part of the active site, which is consequently blocked. The side chain of Phe81 of molecule A partly occupies the guanine base binding site of molecule B. Accordingly, the nucleotide is observed only in molecule A of the binase±3 H GMP complex. The above fact and the fact that the crystal of the complex was obtained by co-crystallization allow us to assume that a similar binase dimer may occur in solution at high protein concentration. The presence of a binase dimer in solution has been also demonstrated by Panov (1995) . The sequence change from Glu43 to Asp44, the equivalent residue in barnase, may be the reason why no similar dimer was observed in barnase crystals.
3 H H H GMP and phosphate-binding sites
Consistent with the crystal packing discussed above, electron density corresponding to 3 H GMP was found only in molecule A of the dimer in the binase±3 H GMP complex. The electron density of the nucleotide is well de®ned (Fig. 1a ) and its atoms have the same thermal parameters as surrounding buried protein atoms.
The interactions of the guanine base with its protein environment in the binase±3 H GMP complex have been discussed previously (Pavlovsky & Karpeisky, 1989; Sevcik et al., 1990 Sevcik et al., , 1991 . They are essentially the same as in the barnase±3 H GMP (Guillet et al., 1993) and barnase±d(CGAC) (Buckle & Fersht, 1994) complexes. The guanyl base is accommodated in the hydrophobic cleft formed by the side chains of Phe55 and Tyr102 and the aliphatic moiety of Arg58. In addition, it makes a set of hydrogen bonds with the side and main chains of residues from the recognition loop (residues 56±62) of the binase molecule.
In the 3 H GMP complex the torsion glycoside angle 1 (O4 H ÐC1 H ÐN9ÐO4) is 133 , i.e. it belongs to the anticonformation region. The ribose ring has the 2 H -endo conformation. The nucleotide conformation in the binase complex with 3 H GMP differs from the productive syn conformation of the substrate seen in the active site of the enzyme (Guillet et al., 1993) . Consequently, the ribose O2 H atom is directed away from the catalytic Glu72. A similar conformation of the guanosine nucleotide was detected in the structure of the barnase±d(CGAC) complex (Buckle & Fersht, 1994) .
The ions involved in the crystal structures were modelled and re®ned as sulfate ions. This is an arbitrary notation as long as both sulfate and phosphate ions were present in the mother liquor; these ions cannot be distinguished in the structures on the basis of available X-ray data. The sulfate ion bound by the binase molecule at the P1 site of the sulfate-complex structure forms hydrogen bonds with the side chains of Lys27, Glu72, Arg82, Tyr102, His101 and Arg86. The 3 H -phosphate group at the P1 site forms contacts similar to those seen in the sulfate complex (Fig. 4) . The only signi®cant difference is that the anti conformation (non-productive) of the nucleotide causes the side chain of Glu72 to be rotated away from the 3 H -phosphate group, preventing their hydrogen-bond contact in the 3 H GMP complex.
The putative second phosphate-binding site P2 was found in the structures of binase complexes with 3 H GMP and sulfate in the cleft formed by the loop 34±39, the main chain of Arg82 and the side chain of Trp34. The binding of an ion here is illustrated in Fig. 4 . The electron-density peak corresponding to this ion has tetrahedral character (Fig. 1a) . This site appears to bind the 3 H -phosphate group of the nucleotide following the guanyl in the polynucleotide substrate. The position of the sulfate ion at the P2 site is 2.6 A Ê distant from the position of the adenosine 3 H -phosphate group in the structure of the d(CGAC)±barnase complex (Buckle & Fersht, 1994) and the guanosine 3 H -phosphate group in the structure of the d(GC)± barnase complex (Baudet & Janin, 1991) . The phosphate group in the latter two structures has moved out the cleft towards the side chain of the arginine. This difference may be caused by a non-productive conformation of the guanyl nucleotide in the active site of the d(CGAC)±barnase complex.
Comparison of the binase structures
Comparison of all six binase molecules from the three separate crystal structures shows their high similarity. The overall r.m.s. difference in C -atom positions, based on the superposition of the C atoms in the -sheets, ranges from 0.17 to 0.33 A Ê . The maximal difference is observed between the A molecules in the 3 H GMP complex structure and in the unliganded binase structure. All signi®cant differences relate to the loop regions (residues 34±39, 56±62 and 99±104); the recognition loop (residues 56±62) and loop 99±104 move toward each other in the complex structures (Fig. 4) .
The conformation of the loop formed by residues 34±39 in the free binase structure is similar to that seen in all the barnase structures, free and complexed, so far studied and is not signi®cantly in¯uenced by contacts with symmetry-related molecules. The sulfate binding at the P2 site in the 3 H GMP and sulfate complexes causes substantial changes in the loop compared with the free binase structure ( Figs. 1 and 4) . The carbonyl group of Ala36 is rotated by about 180 from its position in the free binase structure. The conformation of Ser37 (9 = 110 and 2 = À20 ) in the complexes falls near the boundary of the generally allowed region in the Ramachandran plot, but this conformation of the loop allows one of the sulfate O atoms to form hydrogen bonds with two main-chain N atoms (residues 37 and 39). This interaction helps to stabilize the unfavourable conformation of the loop 34±39.
Comparison of atomic temperature factors shows that the recognition loop (residues 56±62) is more mobile in the unliganded binase structure, where the main chain of residues 56±57 has two conformations and the side chains of Arg58 and Glu59 have poorly de®ned electron density (Fig. 1b) . In contrast, the recognition loop in the structure of the 3 H GMP±binase complex is stabilized by interaction with the guanine base, yielding signi®cantly lower temperature factors for the loop atoms. The conformation of the Arg58 side chain is determined by its interaction with the base; its aliphatic C atoms lie against the aromatic guanosine ring, making favourable non-polar contacts. The side chain of Glu59 has well de®ned electron density (Fig. 1a) . Thus, there evidently exists one well determined conformation of loop 56±62 in both the binase and barnase complex structures in which the guanyl base occupies the base-binding site G0 and a phosphate group or ion is present at the P1 site. In the structures with no ligands at both G0 and P1 sites the loop is more removed from the active site and has a variable conformation in¯uenced by interatomic contacts. The variation in C position is maximal (up to 2 A Ê ) for residue 59.
The loop 99±104 is better de®ned than the recognition loop but appears to have two distinct states depending on the presence of an ion or phosphate group at the P1 site of the protein. The movement of this loop toward the active site is a response to the interaction of an O atom of the ligand with the side chains of Tyr102 and His101. In both states the conformation of the loop is not signi®cantly in¯uenced by the crystal environment and identical conformations occur in the barnase crystal structures.
There are 17 water molecules with similar positions in all six molecules in the three structures (Fig. 5 ). Ten of these waters have equivalents in the unliganded barnase struc-
Figure 3
A stereoview of similar molecular layers in the (a) binase±3 H GMP complex and (b) the unliganded binase structures (QUANTA). The two binase molecules forming a dimer are highlighted.
ture (Martin et al., 1999) . These water molecules are a constitutive part of the binase molecule, stabilizing the secondary structure (grey circles in Fig. 5 ) and the protein conformation at the active site (black circles in Fig. 5 ).
Three water molecules in the free-enzyme structure are displaced in the complex by the 3 H GMP ligand, which replaces their hydrogen-bond interactions with the protein. One water is located at the 3 H -phosphate position, another is close to the position of the ribose C1 atom and the third is located between the N7 and C8 atoms of the base (Fig. 4) .
Overall, comparison of the crystal structures of binase in its unliganded and nucleotide/ion-bound forms enables us to observe subtle changes in enzyme conformation associated with substrate binding. A stereoview of the superimposed active and P2 sites of molecule A in binase complexes with 3 H GMP (yellow) and sulfate ions (red) and in unliganded binase (green), generated with MOLSCRIPT and Raster3D.
Figure 5
The ribbon stereo diagram of binase and conserved water molecules (BOBSCRIPT, Raster3D). The black circles correspond to water molecules located in the catalytic site.
